about these risks has made reducing exposure to homologous blood transfusion a constant priority, particularly in simple craniosynostosis surgery for which the indication is primarily cosmetic. Several approaches have been proposed to prevent homologous blood transfusions, including endoscopic surgery, 15 erythropoietin 8, 12, 20 or tranexamic acid 4, 9 administration, intraoperative autologous blood recycling, 20 autologous blood transfusion, 17 preoperative hemodilution, 11 and accepting a lower transfusion threshold. 20 The high transfusion rates in sagittal craniosynostosis surgery have been attributed to the small blood volume of the patients coupled with the unavoidable intraoperative blood losses associated with the open procedure. Nevertheless, the early postoperative decline in hemoglobin and hematocrit levels associated with this surgery seemed excessive compared with the observed blood losses and the apparent hemostasis achieved at the end of surgery. We also noticed a considerable postoperative weight gain in these patients, as well as a significant craniofacial edema lasting days after the surgery.
Based on these observations, we hypothesized that in addition to intra-and postoperative blood losses, the anemia observed in these patients was in part due to hypervolemic hemodilution from excessive fluid administration during the anesthesia and subsequent redistribution of the patients' craniofacial interstitial edema toward the intravascular space. Thus, we believed that the postoperative fall in hemoglobin and hematocrit levels was in part artificial and could be managed without resorting to PRBC transfusion. Consequently, in 2005, we implemented a practice of furosemide administration to treat this dilutional component, with the goal of preventing the drop in hemoglobin and reducing postoperative transfusion requirements.
The aim of this study was to retrospectively evaluate the efficacy of furosemide administration for volemic control to reduce postoperative homologous blood transfusions in the setting of sagittal synostosis surgery. The primary outcome variable was reduced postoperative PRBC transfusion.
methods

Patient Population
This is a retrospective study of patients with sagittal synostosis who underwent surgery at a single institution between January 2000 and May 2012. Institutional review board approval was obtained. Patients were excluded only if craniosynostosis involved an additional suture. A total of 98 patients were eligible for the study. Two patients were subsequently excluded because their charts were incomplete, leaving 96 patients for analysis.
Because postoperative administration of furosemide was first introduced in 2005, patients who underwent surgery prior to 2005 formed our control group (n = 24). Patients who had surgery in 2005 or 2006 were considered part of an implementation phase (referred to as the transition group, n = 12), because postoperative administration of furosemide existed but was not yet routinely used. Patients who underwent surgery after 2006 constituted the experimental group and are referred to as the furosemide group (n = 60).
surgical Procedures
Patients underwent 1 of 2 surgical procedures performed by 2 neurosurgeons (C.M. and L.C.). Fifty-six patients underwent a standard midline sagittal strip craniectomy measuring 4 cm, with Silastic (Dow Corning) implant and postoperative helmet therapy (Fig. 1 right) . The remaining 40 patients underwent an "H" craniotomy with sagittal osteotomies 2-cm lateral to the sagittal suture and extending anterior to the lambdoid sutures and posterior to the coronal sutures, followed by greenstick fracture of the parietal bones (Fig. 1 left) .
intraoperative Fluid management
There was no standard protocol for fluid administration. Patients received mostly crystalloids as a combination of Ringer's lactate and variable concentrations of saline and dextrose. Some patients also received colloids in the form of hydroxyethyl starch (HES), at the discretion of the anesthesiologist. Charts were reviewed to retrieve the volume of intraoperative fluid received by each patient. The total volume was compared between the control and furosemide groups. Because colloids stay within the intravascular space 3 times longer than crystalloids, potentially increasing the probability of hemodilution, we also calculated the mean volume (ml/kg) of intraoperative fluids received using the following equation: crystalloid volume (ml/kg) + 3 × colloid volume (ml/kg).
blood loss
The estimated blood loss (EBL) was assessed by the anesthesiologist and retrieved from the medical records. Calculated blood loss (CBL) is measured based on hemoglobin change from baseline to postoperative level. The formula, developed by Gross, 10 is intended to provide a more accurate measure of intraoperative blood loss than a physician's estimate. However, because our hypothesis holds that the postoperative hemoglobin is artificially lowered by intraoperative hypervolemic hemodilution, we believe that the CBL may not be ideal for evaluating blood loss in this particular setting. Therefore, it was not included in our analysis. The estimated blood volume (EBV) for these infants was calculated on the basis of 80 ml/kg of body weight.
Perioperative management
All patients had daily monitoring of their hemoglobin, hematocrit, creatinine, and electrolytes values. All patients were weighed preoperatively. Patients who had surgery during or after 2006 also had daily weight recordings until discharge. There was no concomitant administration of erythropoietin or tranexamic acid during the study period. Iron was administered only upon discharge.
In the postoperative period, blood transfusions were given based on the hemoglobin and hematocrit values, the hemodynamic and clinical condition of the infant, as well as the volume status estimated using weight. Hence, hemoglobin values lower than 70 g/dl were often toler-ated when there were no signs of hemodynamic instability (e.g., hypotension, tachycardia, and tachypnea) and the patient was clinically well.
Furosemide administration
Patients in the furosemide group generally received their first dose of furosemide the day after surgery on the basis of 1 mg/kg of body weight. Some patients received more than 1 dose. Furosemide administered concomitantly to a PRBC transfusion to prevent overload was not considered a dose. The decision regarding furosemide administration was made on an individual basis, taking into account postoperative weight gain, hemoglobin level and trend, and clinical evaluation. The route of administration was intravenous for all patients except for 4 who received an oral form. Electrolytes were closely monitored in all patients who received furosemide.
Postoperative weight
The postoperative weight gain was expressed as a proportion of the preoperative weight using the following formula: %Weight gain = (Postoperative Weight -Preoperative Weight)/Preoperative Weight × 100%.
statistical analysis
The furosemide and control groups were examined with respect to baseline characteristics, including age, EBL, surgical procedure, operating time, and length of hospital stay. The Student t-test was used to compare the mean lowest hemoglobin level postoperatively between the groups. The rate of intra-and postoperative PRBC transfusion was compared among the 3 predefined groups (i.e., control, transition, and furosemide). The transfusion threshold was compared, as well as the proportion of nontransfused patients with a recorded hemoglobin value < 70 g/dl. The impact of several variables on the risk of receiving a postoperative PRBC transfusion was evaluated in a univariate analysis (including age, sex, surgical procedure, operating time, EBL, preoperative weight, preoperative hemoglobin level, and furosemide administration). Potentially confounding variables were included in addition to furosemide administration in a multiple logistic regression model, predicting the probability of receiving a postoperative transfusion of PRBCs.
For all statistical tests, a standard value of p < 0.05 was considered the criterion for statistical significance. All statistical analyses were conducted using SPSS 20.0 (IBM).
results
Ninety-six patients (66 boys and 30 girls) were included in the study, with a mean age of 4.9 ± 1.5 months (range 2.8-8.7 months). Demographic data and baseline characteristics for each group of patients are presented in Table 1 . The control group had a significantly higher proportion of male patients. In addition, all patients in the control group underwent a strip craniectomy (Fig. 1 right) , whereas twothirds of the patients in the furosemide group underwent an "H" craniotomy ( Fig. 1 left) . The 2 groups were similar with regard to the other variables.
The total PRBC transfusion rate was 15 of 24 patients (62.5%) in the control group, 4 of 12 patients (33.3%) in the transition group, and 19 of 60 patients (31.7%) in the furosemide group. The difference between the control and furosemide groups was statistically significant (p = 0.009). The intraoperative transfusion rate was slightly higher in the control group compared with the furosemide group (20.8% vs 13.3%, respectively), but this difference was not statistically significant (p = 0.505). No patient in the transition group received an intraoperative PRBC transfusion. The postoperative PRBC transfusion rate (our primary outcome) dropped from 12 of 24 patients (50%) in the control group to 4 of 12 (33.3%) in the transition group and 11 of 60 (18.3%) in the furosemide group (Fig. 2) . The difference in postoperative transfusion rates between the control and furosemide groups was statistically significant (p = 0.003). The transfusion threshold in the postoperative period was similar throughout the study, with a mean hemoglobin value of 56.0 ± 5.7 g/dl (range 47-65 g/dl) for the control group, 56.2 ± 5.2 g/dl (range 49-62 g/dl) for the transition group, and 60.9 ± 7.5 g/dl (range 49-73 g/dl) for the furosemide group. The proportion of patients who did not receive a postoperative transfusion despite having a hemoglobin value below 70 g/dl was 5 of 12 (41.7%) in the control group and 14 of 49 (28.6%) in the furosemide group. The difference was not statistically significant (p = 0.489). The absolute lowest hemoglobin value tolerated in patients who did not receive a blood transfusion postoperatively was 54 g/dl in the control group, 54 g/dl in the transition group, and 55 g/dl in the furosemide group.
A univariate analysis was performed to assess the impact of several variables on the risk of receiving a postoperative transfusion ( Table 2 ). The only variables that correlated with the primary end point were EBL (p = 0.022), preoperative hemoglobin (p = 0.025), and furosemide administration (p < 10
). Age, sex, surgical procedure, operating time, and preoperative weight did not significantly influence the risk of receiving a postoperative transfusion. The variables that significantly impacted the risk of receiving a postoperative transfusion were entered into a multiple logistic regression model (Table 3) The data regarding intraoperative fluids received was incomplete or missing for 8 of the 60 patients in the furosemide group. Also, the type of fluid was highly variable in terms of saline and dextrose concentration. The volume of medications received was not available and hence not included in the calculation of total fluid received. Based on the available data, the mean intraoperative fluid volume, combining crystalloids and colloids, received by patients in the control group was 62 ± 21 ml/kg compared with 52 ± 16 ml/kg in the furosemide group (p = 0.02). However, the proportion of patients who received colloids in the control group was 4 of 24 (17%) compared with 15 of 52 (29%) in the furosemide group. Using the equation to account for the relative 3-fold-greater intravascular component of colloids than crystalloids (Crystalloid volume [ml/kg] + 3 × Colloid volume [ml/kg]), the mean intraoperative fluid volume was 66 ml/kg for the control group compared with 60 ml/kg for the furosemide group (p = 0.33). The median volume of crystalloids was 50 ml/kg (range 18-102 ml/kg), and the median volume of colloids was 13 ml/kg (range 6-31 ml/kg).
On average, patients gained 6.3% ± 3.0% of their preoperative weight immediately after surgery and 8.7% ± 3.1% the next day (Fig. 3) . The average EBV was 578.9 ± 96.2 ml. The average EBL was 43.4 ± 20.9 ml, or 7.5% of the average EBV. The average postoperative hemoglobin value dropped by 26.4% ± 8.8% compared with its preoperative level.
Six of 12 patients (50%) in the transition group received at least 1 dose of furosemide. The median number of furosemide doses received was 1 (range 0-3 doses) and the mean total dose was 9.6 ± 5.1 mg. In the experimental group, 46 of 60 patients (76.7%) were given furosemide. The 14 patients who did not receive furosemide either: 1) did not have a significant drop in their hemoglobin levels and did not need an intervention (n = 6), or 2) received an RBC transfusion intraoperatively (n = 3) or in the recovery room (n = 5 The median number of furosemide doses received was 2 (range 0-6 doses) and the mean total dose was 15.6 ± 7.6 mg. There were no complications related to furosemide administration in either group. The evolution of hemoglobin levels over days was compared for patients who received furosemide and those who did not, excluding patients who were transfused, to obtain the natural evolution of their postoperative anemia (Fig.  4) . Patients who did not receive furosemide had a persistent drop in their hemoglobin levels, especially on Day 3 after surgery. Patients who received furosemide avoided that drop and showed higher hemoglobin levels on Days 3 and 4 after surgery.
discussion
Sagittal craniosynostosis surgery has been consistently associated with high transfusion rates of 50%-100%.
1,2,4-6,9 The transfusion rate of 62.5% in our control group is comparable to the rates reported in the literature. Since the introduction of fluid management with postoperative furosemide, total transfusion rates at our institution have been reduced by half during the transition period and for the group of patients receiving furosemide, mainly due to fewer PRBC transfusions during the postoperative period. In fact, the postoperative transfusion rate decreased from 50% in the control group to 33.3% in the transition group and 18.3% in the furosemide group.
The gradual decline in the postoperative transfusion rates from the control group to the transition and furosemide groups parallels the increased use of furosemide at our institution. Furosemide administration was independently associated with a 5-fold reduction in the risk of being exposed to a blood transfusion, despite a constant transfusion threshold over the course of the study. In addition, the proportion of nontransfused patients with a recorded postoperative hemoglobin value < 70 g/dl was similar between the control and furosemide groups. These findings strongly suggest that volemic status correction with postoperative administration of furosemide was responsible for the decrease in transfusion rates without modification of our PRBC transfusion practice.
These findings suggest that furosemide was effective in preventing transfusions through correction of a hypervolemic state responsible for hemodilution and artificially lowered hemoglobin and hematocrit levels. Crystalloid fluids are important during surgery to maintain targeted perfusion pressures while the patient is under general anesthesia.
We believe that the relatively large volumes of crystalloids administered to these young patients, who have a very low EBV, are responsible for hypervolemic hemodilution. In fact, our patients gained an average 8.7% of their preoperative weight the day after surgery, and the weight gain persisted for several days after surgery. These findings are also consistent with the hypothesis of a hypervolemic state in these patients. Moreover, the EBL represented on average 7.5% of the EBV, while the mean decline in hemoglobin between its preoperative level and immediately after surgery was 26.4%. This important discrepancy suggests that blood loss alone does not explain the observed postoperative anemia and that a significant proportion is secondary to hemodilution. Patients undergoing sagittal craniosynostosis surgery develop a marked craniofacial edema in the initial days after surgery. This third space seems to start slowly redistributing around the third day after the surgery, contributing to the maintenance of a hypervolemic state. In addition, although these patients usually have a preserved renal function, the postoperative period is characterized by a rise in blood levels of antidiuretic hormone, 18 which promotes water retention and hemodilution and therefore delays the correction of the volemic status.
The above-discussed hemodilution artificially lowers hemoglobin and hematocrit values and misleads the clinician into giving an unnecessary RBC transfusion. We see a practical advantage in correcting the volemic status with diuretic administration rather than advocating tolerance of very low hemoglobin and hematocrit values, especially considering that we have found the contribution of hemodilution to the postoperative anemia to be very variable. Monitoring of volume overload through weight monitoring and timely administration of furosemide to correct the dilutional component of the postoperative anemia appears to be a feasible alternative.
Previous studies on transfusion rates in craniosynostosis surgery have included patients with heterogeneous pathologies, ranging from single-suture synostosis to complex or syndromic craniosynostosis. 21 In this study, we present a large and highly homogeneous cohort that includes only patients with sagittal craniosynostosis.
This study has several limitations. Even if administration of furosemide was consistent in the furosemide group, we did not have a clearly defined protocol. The administration of the diuretic and its timing were decided on an individual basis according to the hemoglobin and hematocrit levels, weight gain, and clinical status of the patient, with all patients in the furosemide group with a significant postoperative decrease in hemoglobin levels receiving at least 1 dose. Also, blood loss was based on the estimation of the surgeon and the anesthesiologist. Some studies have contested the accuracy of this estimation and advocated for use of CBL derived from pre-and postoperative hemoglobin/hematocrit levels and the volume of RBCs transfused. 19 However, our primary hypothesis was that patients undergoing sagittal craniosynostosis surgery are in a state of hypervolemic hemodilution and that postoperative hemoglobin and hematocrit levels are artificially lowered. Therefore, CBL was deemed inadequate.
Although there were more "H" craniotomies in the furosemide cohort, this cannot explain the decreased transfusion rate, because this surgery was associated with a higher blood loss (50.1 ± 17.3 ml vs 43.7 ± 22.9 ml). Also, although the implementation of a protocol may have theoretically improved the transfusion rate through furosemide-independent factors, such as increased attention of the surgeon to hemostasis, this was probably not the case because EBL and transfusion threshold did not differ between the furosemide and control cohorts.
Another limitation stemming from the retrospective design of this study is the difference in intraoperative fluid administration. The total amount of fluid received was higher in the control group and could potentially have caused more hemodilution and transfusions. However, those amounts are difficult to interpret because data were sometimes missing and often incomplete, not taking into account the medications received. The concentration of saline used was variable, which affects the osmolality and proportion of fluid that remains intravascular. Also, the proportion of colloids was higher in the furosemide group and colloids remain in the intravascular space 3 times longer than a similar volume of crystalloids, causing more hemodilution. Accordingly, when these factors were accounted for, there was no difference in fluid volume between groups. This underlines the need for larger, prospective data collection and, ideally, randomized controlled trials.
Several other approaches to reduce PRBC transfusion in craniosynostosis surgery have been previously described. Studies have shown that erythropoietin administration before surgery can increase preoperative hemoglobin and thus reduce the likelihood of requiring a PRBC transfusion. 8, 12, 16 Tranexamic acid has been shown to reduce intraoperative blood loss and transfusion needs in multiple settings, and recent studies have confirmed its effectiveness in craniosynostosis surgery. 4, 9, 13 Other approaches in- clude autologous blood transfusion, 3 preoperative hemodilution, 16 and endoscopic surgery. 15 The use of furosemide administration in relation to these alternative approaches remains to be determined.
conclusions
The postoperative anemia observed in sagittal craniosynostosis surgery is in part due to excessive hemodilution and can be managed without resorting to PRBC transfusion. In this study, the postoperative transfusion rate was significantly reduced using postoperative furosemide administration to correct volemic status.
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